Realization of three-dimensionally confined structures via one-step in situ molecular beam epitaxy on appropriately patterned GaAs(111)8 and GaAs(001) K Angeles, (Received 13 September 1993; accepted 27 September 1993)
The realization of three-dimensionally confined GaAs/AIGaAs structures on GaAs (11 OR and GaAs (OOl) substrates via one step in situ molecular beam epitaxy is reported. Growth is carried out on nonplanar patterned substrates with crystallographically equivalent mesa top edges, Equivalent side facets evolve during growth and completely surround the mesa top. Adatom migration from these facets to the mesa top result in shrinkage of the mesa top area leading to mesa pinch-off. Scanning and transmission electron microscopy provide evidence for the realization of structures with lateral linear dimensions ::5500 A. Cathodoluminescence images from the (Ill)B structures attest to their high optical quality.
The synthesis and characterization of reduced dimensional structures with electronic states confined in more than one dimension has attracted much attention.' The advances made in two-dimensionally confined structures or quantum wires (QWRs) have superseded those in three-dimensionally (3D) confined structures or quantum dots (QDs). Whereas lasers based on QWRs have been demonstrated,2 even the synthesis of QDs is in its infancy. Confined structures fabricated in situ purely by means of crystal growth and buried under capping layers 2 -4 are expected to be devoid of the problems of damage and contamination and the resultant deterioration of luminescence properties that is characteristic of structures carved out of as-grown one-dimensionally confined qmmtum wens (QWs) by ex situ means.' Having demonstrated 3 ,4 the first realization of 3D confined structures on nonplanar patterned GaAs (lll)B substrates via one step in situ molecular beam epitaxy (MBE), here we repOlt some results of further studies that have led to (i) the first optically active 3D confined stmctures on GaAs (llOB that are bounded on the sides by {11 O} planes (rather than {2It} planes in our earlier study3,4), and (ii) the first realization of 3D confined structures on GaAs (00l).
The as-patterned mesa top sides used are intentionally kept larger « 1 ,urn) than the de Broglie wavelength (::5500 A) for electronic confinement. The one step in situ approach involves growth of a size-reducing buffer which, starting from the as-patterned mesa, shrinks the mesa top dimensions from all lateral directions to the order of the de Broglie wavelength. A QW is then deposited during which the mesa top area continues to decrease and finally vanishes. The wen material is then burled under a barrier material. A sufficient requirement for shrinkage of the mesa top is a net adatom migration from neighboring side facets to the mesa top. However, the mesa pinch-off into an apex also requires the rate of shrinkage of all the mesa top sides and therefore the rate of migration from aU the neighboring side facets into the mesa top to be equal. As the rate of adatom migration between two facets is dependent on the atomic nature of the facets 6 among other factors, the above requirement implies that the mesa top be surrounded by equivalent side facets.
The study of growth on striped mesas patterned on GaAs (001) substrates has shown that stripes along [110] (i.e., parallel to the arsenic dangling orbitals) yield {11 h}A type side facets and those along [110] (i.e., perpendicular to the arsenic dangling orbitals) can yield {1I h } A or {I 1 h } B type side facets,7,8 depending upon the wet chemical etching employed. Here, MBE growth on such stripes has revealed that while in the former case the mesa top shrinks during growth, for the latter case mesas having {I 1 h } B side facets expand at the top whereas mesas having {I 1 h} A side facets shrink at the top though at a different rate than for stripes along [11 OJ.
It has been noted 6 that a difference between the O1thogonal (110) mesa edges which may underlie inequivalent interfacet migration is the orientation of the dangling orbitals with respect to the mesa edges as shown in (110) directions with either combination of side facets, growth results in inequivalent interfacet migration making mesa top shrinkage from all sides either not possible or inequivalent. Such mesas are thus unsuitable for QD realization. However, patterning square mesas with the edges along the orthogonal (100) directions yield equivalent mesa edges as the dangling orbitals are at 45° at each edge as shown in Fig. 1 (a) (solid line) and can yield equivalent migration from all side facets during growth. Patterning the GaAs (t 11)B substrate along the three {11O) directions also yields equivalent mesa edges [Fig. l(b) ] and equivalent interfacet migration from all sides during growth. This makes the (100) square patterns on GaAs (001) substrates and (110) triangular patterns on GaAs (lll)B candidates for QD realization. Substrate patterning was done via conventional photolithography followed by wet chemical etching. The etehant used was NH 4 0H : H 2 0 2 : H 2 0 :: 4 : 1 : 20. Figure 2 shows scanning electron microscope (SEM) images of typical mesas on GaAs (001) with edges of the square mesa along the orthogonal (100) directions and triangular mesas on GaAs (lll)B with (110) edges and {lOO} side walls. Substrates with arrays of such mesas were sUbjected to the standard pre-MBE cleaning procedure and loaded into a PerkinElmer ¢-400 MBE machine.
For growth on the (001) substrates the arsenic pressure was set at 3.1 X 10 6 Ton, the substrate temperature at 635°C and the OaAs growth rate at 0.5 MUs. Figure 3 is an SEM image of an array of mesas after deposition of 1.6 ,urn of GaAs/Alo.3Gao.7As layers. The mesas can be clearly seen to have pinched-off. The four side facets (inset of Fig. 3 ) pinching-off each mesa are identified to be equivalent {llO} planes. In order to study the inner structure of the (00l) pinched-ofT mesas, especially ncar the pinch-off tip, transmission electron microscope (TEM) studies were performed. The structure reported on here corresponds to alternate deliveries of 40 MLAlo.3Gao.7As and 20 ML of GaAs on (001) square mesas of linear dimensions ~'3 ,am. Figure 4 shows a {200} reflection, [010] azimuth TEM image of a typical mesa. The compositional contrast reveals the evolution of the mesa top. The mesa top is seen to have been pinched-off by {11 O} side facets. The increased thickness (over that delivered) of the mesa top layers is due to adatom migration into the mesa top from the {IlO} side facets. Of special interest is the lack of GaAs growth on these side facets. The mesa top GaAs layers are thus confined in the vertical direction by (001) AIGaAs layers and in the lateral directions by {IlO} AIGaAs layers. From the TEM image and the symmetry of the SEM image, we conclude that the {11O} AIGaAs layers sunound the mesa top GaAs layers from all spatial directions. The GaAs well indicated by an anow in Fig. 4 , has a vertical dimension of 100 A and lateral dimensions of 440 A (bottom) and 275 A (top) conesponding to a GaAs volume containing i .22X 10 6 atomso The electronic states in this well can be expected to be confined in all three dimensions.
Turning to the GaAs (111)B case, the growth conditions conesponded to an arsenic pressure of 1.2X 10-6 Ton, a substrate temperature of 635°C and a GaAs growth rate of 0.4 MUs. Figure 5 shows an SEM image of a typical mesa after growth. The three side facets pinching-off the mesa are identified to be equivalent {llO} planes. The grown structure consisted of a 1040 ML size-reducing GaAs buffer, a 4 period 30 ML Al o . 2 Ga o .gAsI20 ML GaAs MQW and a 150 ML cap. The buffer and cap were marked by 5 ML of Alo.2Gao.8As every 46 ML of GaAs. Figure 6 is a {200} reflection, (110) thicker than that delivered due to migration from the side facets. The mesa top is bounded on the left side by very thin AIGaAs layers growing on the {llO} side facet. Due to the threefold symmetry of the mesa, only one (of the three) {llO} side facet can be imaged at a time. The other two facets have been imaged by rctating the mesa by :± 60° about the growth direction. Also, as is the case with the (00l) mesas, there is negligible GaAs growth on the {liD} side walls. The mesa top GaAs wells are confined in the vertical (i.e., growth) direction by the (11)B AIGar\,s layers and from all lateral directions by {11O} AIGaAs layers.
In Fig. 6 , the fourth qmmtum well is not seen as it has unfortunately gotten milled away during TEM specimen preparation. The third three-dimensional QW in shows the TEM results. One is from the reference unpatterned regi.on (grown simultaneously along with the patterned substrate) and the other from thc patterned region containing predominantly 0.6 ,urn mesas. The 832 nm peak corresponds to the C-acceptor level in bulk GaAs. For the unpatterned region, the observed peaks at 7H9 and 812 om coincide wen with the calculated values of 789.8 nm for a 20 ML GaAsl A1o.2Gao.gAs QW and 812.9 nm for a 46 ML GaAs/5 ML A1o.2Gao.gAs superlattice (used in the buffer and cap layers), respectively. In order to identify the spatial origin of the multitude of peaks emanating from the mesa region, CL spatial images using each of the peaks were acquired. Simultaneous acquisition of the CL and secondary electron signals allowed the unambiguous determination of the spatial origin of the emissions by circumventing instrumental complications such as vibration and possible sample thermal drift during data acquisition. The mesa peaks of interest are those at 812.S and 795 nm since imaging with these revealed that the emission is from a circular area centered on the mesa apex and hence originates from the mesa top layers. The 812.5 urn peak cOITesponds to the buffer. The 795 nm peak is calculated to originate from a 24 ML QW. Figure 7 (b) is a CL image of the mesa taken at 795 nm and shows the peak to originate from the mesa top layers. The observation of luminescence from the QWs attests to the high optical quality of the 3D confined structures. The peak position agrees well with the quantum well thicknesses of the first three wells, determined by the TEM image (Fig. 6) peaks of these mesa top QWs (of width 24 to 26 ML and having lateral dimensions in excess of 700 A) with respect to the wells in the non patterned region (width 20 ML) reconfirms the influence of the net adutom migration into the mesa top surmized from the TEM image. Although the TEM results indicate the presence of four three-dimensionally confined volumes with the topmost and smallest volume corresponding to a triangular pyramid with a base of 324 A and a height of 65 A, the CL emission shows only one peak at 795 nm. This is most likely a consequence of the tunneling time out of the smallest volume at the mesa top being very short compared to the radiative recombination time, the particle-hole pair generation probability being very small in the small volume, and the adjacent volumes offering lower energy states to thermalize into. The lateral dimensions of these three volumes being ~700 A, little lateral quantum size effect is expected in these three volumes. Clear emission from a quantum box of the size achieved here would be more readily observed if the lower AIGaAs barrier layer were made much thicker and preferably only a single quantum wen grown. Efforts in this direction are underway.
In conclusion, we have demonstrated the first realization of 3D confined structures on nonplanar patterned GaAs (001) via a one-step growth and for nonplanar GaAs (lI1)B substrates a new way of achieving quantum boxes via stabilization of {110} side facets during growth. strates were patterned to yield mesa tops with crystaUographicalIy equivalent edges resulting in the evolution of equivalent side facets during growth and the profile of layers growing on the mesa top has been determined to exhibit size reduction. It is remarkable that on both types of mesas, the side facets to evolve and surround the mesa top are equivalent {11O} planes. Equal rates of adatom migration from these side facets into the mesa top result in shrinkage of the mesa top area and mesa pinch-off into an apex.
